WORLD INTELLECTUAL PROPERTY ORGANnZATION 
Intemationai Bureau 




PCT 

INTERNATIONAL APPUCATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) Intemationai Patent Classification : 




(11) International Publication Number: 


WO 00/23825 


B07B 1/26, G02B 6/00 


A3 








(43) Intemationai Publication Date: 


27 April 2000 (27.04.00) 



(21) Intemationai ApplicaUon Number: PCT/US99/22S27 

(22) International Filing Date: 30 September 1999 (30.09.99) 



(30) Priority Data: 

60/102.418 



30 September 1998 (30.09.98) US 



(71) Applicant {Jot ail designated States except US): BOARD 
OF CONTROL OF MICHIGAN TECHNOLOGICAL UNI- 
VERSITY [US/US]; 1400 Townsend Drive, Houghton, MI 
49931 (US). 

(71X72) Applicants and Inventors: RENN, Michael. J. [US/US]; 
9634 Macallan Road. NE. Albuquerque. NM 87109 (US). 
ODDE. David. J. [USAJS]; 2200 Silver Lane #302. New 
Brighton. MN 55412 (US). PASTEL, Robert. L. [US/US]; 
2109F Woodmar Drive. Houghton. Ml 49931 (US). 

(74) Agent: VIKSNINS, Ann. S.: Schwegman. Lundberg. Woessner 
& Kluth. P.O. Box 2938. Minneapolis, MN 55402 (US). 



(81) De^gnated States: AE. AL. AM. AT. AU. A2. BA. BB. BG. 
BR. BY. CA. CH. CN. CR. CU. CZ. DE DK. DM, EE. 
ES. Fl GB. GD, GE. GH. GM. HR. HU. ID. IL, IN, IS, JP. 
KE, KG. KP, KR. K2» LC, LK. LR, LS. LT. LU, LV. MD. 
MG, MK. MN. MW. MX. NO. N2, PL. PT. RO. RU. SD. 
SE SG, SI. SK SU TI, TM, TR, TV, UA, UG. US. 
UZ. VN. YU. ZA, ZW, ARIPO patent (GH, GM. KE. LS, 
MW. SD. SU SZ, TZ, UG, ZW). Eurasian patent (AM, AZ. 
BY, KG. KZ. MD. RU, TJ, TM). European patent (AT. BE, 
CH. CY. DE, DK, ES. H. FR. GB. GR. IE. IT. LU. MC. 
NL, PT. SE), OAPI patent (BF. BJ. CF, CG. CI, CM, GA, 
GN. GW. ML, MR. NE, SN, TD, TG). 



PublUhed 

}yith international search report. 

(88) Date of publication of the international search report: 

27 July 2000 (27.07.00) 



(54) Title: LASER-GUIDED MANIPULATION OF NON-ATOMIC PARTICLES 



(57) Abstract 

A method and device for using laser light to trap 
non-aiomic size panicles optically within a hollow region 
of a hollow core optical fiber are disclosed. Also described 
are a method and device for flexibly transponing the 
trapped particles along the fiber over long distances. The 
present invention allows to manipulate and guide particles 
made of a wide variety of materials, including biological 
tissue and aerosols, along the optical fibers and deposit the 
materials on various substrates. The laser guiding device 
(44) comprises a laser beam a laser beam source 
generating a laser beam (46). which is directed to an 
entrance (56) of a hollow core optical fiber (20) by a 
focusing lens (64). A source of the panicles to be guided 
through the fiber provides a certain number of panicles 
near the entrance to the fiber. The particles are then drawn 
into the hollow core (48) of the fiber by the focused laser 
beam, propagating along a grazing incidence path inside 
the fiber. Laser induced optical forces generated by 
scattering, absorption and refraction of the laser light by a 
particle traps the panicle close to the center of the fiber 
and propels it along. Any micro-size material, including 
solid dielectric, semiconductor and solid panicles as well 
as liquid solvent droplets, can be trapped in the laser 
beams and transported along optical fibers due to the net 
effect of exertion of these optical forces. Af^er traveling 
through the length of the fiber, the particles can be either 
deposited on a desired substrate or into an analytical 
chamber, or dealt with depending on the goal of a 
particular application. 
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(54) Title: LASER-GUIMD MANIPULATION OF NON-ATOMIC PARTICLES 
(57) Abstract 

A method and device 
for using laser light to trap 
non-atomic size particles 
optically within a hollow 
region of a hollow core 
optical fiber are disclosed. 
Also described arc a 
method and device for 
flexibly transporting the 
trapped particles along the 
fiber over long distances. 
The present invention 
allows CO manipulate and 
guide particles made of a 
wide variety of materials, 
including biological tissue 
and aerosols, along the 
optical fiben and deposit 
the materials on various ^If 
substrates. The laser 
guiding device comprises 
a laser beam source 
generating a laser beam. 

TnSce* of tSw wnToptical fiber by a focusing lens. A source of the particles to be guided through ^ fiber provides a certain 
SuS^To? particles near the^ntrance to Z fiber. The particles are then drawn into the hollow coje of the fiber ooi^ 
propagating along a grazing incidence path inside the fiber. Laser induced optical forces generated by scattering. ab»on>^^J«^f ^^"^^ ^« 
of L lasJ light by a^r^le trap the particle close to the center of the fiber and propels it along. Any micron-size matenal, mcludmg 
solid dielectri^^ semicoliductor and solid particles as well as liquid solvent dropleU, a« be ^ped 

optical fibers due to the net effect of exertion of these optical forces. After traveling through the length of the fiber the particles can be 
dthcr deposited on a desired substrate or into an analytical chamber, or dealt widi depending on the goal of a particular application. 
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LASER-GUTOED MA^fIPULATION OF NON-ATOMIC PARTICLES 
BACKGROUND OF THE INVENTION 

Field nf the Tnventinn: 

The present invention relates generally to the field of optical guides. More 
specifically, the present invention relates to the method and apparatus of confining a non- 
atomic particle in a laser beam and guiding the particle confined in the laser beam through a 
hollow core optical fiber. 

Background Art! 

Radiation pressure based transportation of atomic sized particles has been used to 
achieve high precision non-mechanical manipulation of such particles. An atom placed in an 
optical beam is attracted to or repelled bom regions of high intensity, depending on the 
polarizability of the atom at the optical frequency. In particular, laser guidance of non-atomic 
particles utilizes optical forces arising from the deflection and scattering of light, which 
forces enable the confinement of a particle inside a laser beam and then manipulate the 
confined particle in a desired way. The existence of such optical forces was used in a number 
of optical traps. For example, optical tweezers allow dielectric particles to be trapped near the 
foctis of a tightly focused high power laser beam and are used to manipulate biological 
particles, such as viruses and bacteria, microorganisms, blood and plant cells, and 
chromosomes. Optical tweezers allow a user to manipulate small particles in aqueous 
medium, but they do not allow the user to perform the same manipulation in the air. Optical 
traps for atoms are used in investigations of ultra cold collisions and collective effects of 
trapped atoms. 

Most known techniques for trapping atoms in a tightly focused laser beam and 
transporting atoms together with the laser beam have limitations in that the trapping occurs 
only in a small region near the focal point of the laser. As a result, imaging and detecting 
devices utilizing optical traps must be built around a sample chamber, which often limits the 
size of the chamber in the devices. Since trapping and transporting particles occurs inside the 
chamber, then such imaging and detection devices require that the laser beam be steered from 
outside the chamber. Moreover, optical trapping forces are typically not large enough to trap 
particles in the laser beam, if the background medium in the chamber is turbulent or 
convective. Furthermore, in the optical tweezers method and device only a substantially 
transparent particle possesses such optical qualities that the axial force exerted on the particle 
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in a laser beam can trap the particle inside the beam. 

To improve the ways to manipulate particles through various media over longer 
distances, and to transport cold atoms from one vacuum system to another, the technique of 
guiding atoms through a hollow core optical fiber was devised. Fiber-guided atoms are 
deflected from the inner surface of the fiber by light that is also guided in the fiber. Optical 
forces induced by the laser light guided in a fiber may be used to reflect atoms fi^m the inner 
wall of a hollow core optical fiber. In such a setting, laser light is coupled to the lowest-order 
grazing incidence mode and the laser frequency is tuned to the red side, so that atoms are 
attracted to the high intensity region at the center of the fiber. Atoms guided in a fiber this 
way undergo a series of lossless oscillations in the transverse plane and unconstrained motion 
in the axial direction. 

While the method of guiding atoms through optical fibers was a step forward in 
developing means for manipulating and transporting particles from a source to a desired 
destination, an inherent hmitation of such a method was the atomic size of a manipulated 
particle. Because of the atomic size, the wave length of the guiding laser beam had to be close 
to that of an atomic transition, and the manipulation itself could be performed only in a 
vacuum, therefore, requiring a special vacuum chamber. The transportation process of atomic 
particles itself is Ihnited to transporting a few kinds of materials, essentially ruling out 
manipulating and guiding atoms of a broad range of materials. In nano-fabrication processes 
(guiding atoms and precisely depositing them on a substrate to form nanometer size features), 
operating with atoms does not allow achievement of high throughput, as it would be 
desirable in any industrially applicable technique. 

The need, therefore, exists to provide a method and device for manipulating and 
guiding microscopic (non-atomic) particles through a suitable medium along straight and bent 
trajectories. It is also desirable to provide such method and device, capable of guiding 
particles of a wide range of materials in non-vacuum environment and depositing the particles 
on various kinds and shapes of substrates. 

SUMMARY OF THE INVENTION 



To address the above-described need and provide a solution to the enumerated 
problems, it is, therefore, the object of the present invention to develop a particle guide for a 
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non-contact, non-mechanical manipulation of atoms, clusters and micron-size particles. The 
invention provides a method and device which use laser light to trap particles optically within 
the hollow region of a hollow core optical fiber and flexibly transport the particles along the 

fiber over long distances. 

It is another object of the present invention to provide a technique for guiding a wide 
variety of particles, including biological and aerosol particles, along the optical fibers to 

desired destinations. 

It is yet another object of the present invention to have a method and device for 
guiding particles in an ambient, aqueous or gaseous environments, including an inert gas 
environment, which may be desirable for fabrication purposes. 

It is also an object of the present invention to deliver liquid and solid particles to a 
substrate by method of laser guidance in hollow core optical fibers after extracting the 
particles from source backgrounds, which method allows a user to fabricate micron-size 
surface structures, such as, for example, electrical circuits and micro-mechanical devices, on a 
virtually unlimited variety of substrates, including semiconductors, plastics, metals and 
alloys, ceramics and glasses. The particles deposited on such substrates can be metals and 
alloys, semiconductors, plastics, glasses, Uquid chemical droplets and liquid droplets 
containing dissolved materials or colloidal particles.. 

Also an object of the present invention is to use fiber optic particle guides for non- 
contact, non-mechanical manipulation of microscopic particles. The particles include those, 
which are biological in origin, such as bacteria, viruses, genes, proteins, cells, and DNA 
macromolecules. The particles can also be inorganic, such as glass, polymers, and Uquid 
droplets. 

Another object of the present invention is to provide a method of controlling and 
manipulating non-atomic particles by trapping them within an optical fiber anywhere along 

the length of the fiber. 

In particular, the laser guiding device comprises a laser beam source generating a laser 
beam, which is directed to an entrance of a hollow core optical fiber by a focusing lens. A 
source of the particles to be guided through the fiber provides a certain number of particles 
near the entrance to the fiber. The particles are then drawn into the hollow core of the fiber by 
the focused laser beam, propagating along a grazing incidence path inside the fiber. Laser 
induced optical forces generated by scattering, absorption and refraction of the laser light by a 
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particle traps the particle close to the center of the fiber and propels it along. It will be 
described in more detail below that any micron-size material, including solid dielectric, 
semiconductor and solid particles as well as liquid solvent droplets, can be trapped in laser 
beams and transported along optical fibers due to the net effect of exertion of these optical 
forces. After traveling through the length of the fiber, the particles can be either deposited on 
a desired substrate or into an analytical chamber, or dealt with depending on the goal of a 

particular application. 

In another embodiment of the present invention, the same principle of particle 
manipulation can be used to levitate particles inside a hollow core fiber. In such an apparatus, 
particles or liquid droplets captured by a tightly focused laser beam are drawn into a vertically 
positioned fiber. After a certain distance inside the fiber, the propelhng axial optical force 
pulling the particle up will be balanced by the gravitational force acting on the particle. Such 
a balance of forces makes the particle levitate in an equiUbrium position, allowing the 

estimation of the magnitude of the propelling force. Similarly, if a particle is trapped in a 
horizontally positioned optical fiber by two laser beams entering the fiber firom two opposing 
ends of the fiber, the particle wiU levitate in a certain equilibrium position inside the fiber 
where a variation of the intensity of the lasers allows one to estimate the magnitude of the 
force confining the particle in the center of the fiber. 

By directing particles along the fiber onto the substrate, micron-size features of 
desirable shape can be fabricated by direct deposition of micron-size particles. Such feamres 
are built up by continued addition of particles, which can be fused together on the substrate 
by various techniques including in-flight melting of the particles, and subsequent coalescence 
of molten droplets on the substrate, simultaneous deposition of solid particles and liquid 
precursors, wherein the liquids serve to fill the gaps between solid particles, coalescence of 
liquid precursors on the substrate and subsequent decomposition by laser heating to form the 
final product on the substrate, sintering of the deposited material by laser, or chemical 
binding. 

BRIEF DESCRIPTION OF THE DRAWING FIGURES 



FIG. 1 is a schematic representation of optical forces exerted on a particle. 
FIG. 2 is a fixjnt view of a hollow core optical fiber. 
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FIG. 3 is a graph illustrating the dependence of optical forces on a radial position. 
FIG. 4 is a schematic representation of a laser guidance apparatus. 
FIG. 5 is a microscopic picture of a NaCl patterning example. 

FIGS. 6(a)-(e) are microscopic pictures of crystal deposition for BaTiOj, In^Oj, Ag, AlCNOj),. 

5 and AI2O3 . respectively. 

FIGS. 7(a)-(d) are snapshots showing levitation of a water droplet in a curved section of an 

air-filled fiber. 

FIG. 8 is a schematic representation of a two-laser trapping apparatus. 
FIG. 9 is a schematic representation of another embodiment of a two-laser trapping apparatus. 
10 FIG. 10 is a table listing types of materials manipulated by laser guidance on a variety of 
substrates. 

DETAILED DESCRIPTION OF THE INVENTION 

In the following detailed description of the invention references are made to the 
accompanying drawings, which for a part thereof, and in which specific preferred 

15 embodiments for practicing the invention are shown by way of illustration. These 

embodiments are described in sufficient detail to enable those skilled in the art to practice the 
invention, and it is to be understood that other embodiments may be utilized and that logical, 
mechanical, chemical and electrical changes may be made without departing from the spirit 
and scope of the present invention. The following detailed description is, therefore, not to be 

20 taken in a limiting sense, and the scope of the present invention is to be defined only by the 

appended claims. 

Optical forces arise from the reflection and refraction of light at a 
particle/enviromnent interface. When the size of a particle is large compared to the wave 
length of the incident Ught, the forces acting on the particle can be described in a geometncal 
25 ray approximation. Referring to FIG.l, s single optical laser ray 10 from a laser beam is 

shown striking a sphere 12 having a refractive index ns larger than a refractive index Dm of 
the surrounding medium. In this example, sphere 12 is a dielectric sphere made of an 
optically transparent material, so it is optically transparent to ray 10. Incident on an interface 
14 ray 10 undergoes partial reflection and refraction at that interface. A portion of mcident 
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ray 10 reflected at interface 14 is known as radiation -pressure. The first time a portion of ray 
10 is reflected when ray 10 enters sphere 12 at an entrance point 16, creating radiation 
pressure force perpendicular to the surface of sphere 12 and directed toward the center of 
the sphere. The second time a portion of ray 10 is reflected is when the ray exits sphere 12 at 
an exit point 18, creating radiation pressure force F, , also perpendicular to the surface of 
sphere 12. but directed outwardly. Portions of ray 10 which are refracted at the surface of 
sphere 12'when the ray enters and exits the sphere at points 16 and 18 creates forces F, and 
F3. respectively. Force F, is perpendicular to the direction of the refracted ray 10 propagating 
iriside sphere 12. Similarly, force F, is perpendicular to the direction of the once again 
refracted ray 10 propagating outside sphere 12 after exiting the sphere. The sum of the forces 
F, - F, , in addition to forces arising from multiple reflections inside the sphere, gives the total 
force acting on sphere 12 from the ray 10. 

If total forces from all possible rays incident of sphere 12 are calculated and added up. 
the summation will give the two resulting net forces. The first net force is a confinement 
force (also known as a gradient force), acting in the radial direction toward the increase of the 
laser intensity. The second net force (also known as a radiation pressure force) acts along the 
axis 2 of the laser beam and results in propelUng sphere 12 along the direction of laser 
propagation. Consequently, optical forces exerted by a laser beam on sphere 12 
simultaneously pull the sphere toward the center of the laser beam and accelerate the sphere 
along the direction of propagation of the beam. It is important to note that the mechanism of 
guiding non-atomic particles through optical fibers utilized in the present invention is 
different from that of guiding atoms. Most notably, optical forces causing confinement and 
propulsion of a non-atomic particle in a fiber are based on non-resonant scattering of Ught, as 
described with regard to HG. 1 . To the contrary, atomic laser guidance is based on resonant 
interactions between the laser field and an atom. 

In order to obtain such magnitude of the radiation pressure and gradient forces, high 
intensity laser fields are required, which is normally achieved in tightly focused laser beams. 
As a result, optical forces sufficient to trap and propel particles occur only near the laser beam 
waste in a hoUow core of an optical fiber. In the fiber, a high intensity region extends along 
the length of the fiber, providing for the propulsion as well as confinement of the particles 
inside the fiber. When a laser beam propagates along the fiber, the beam doesn't diverge, but 
extends along the length of the fiber, making it possible to carry the particle along the same 
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fiber. 

The radial profile of the lowest order optical mode couple to a hollow fiber is well 
represented by a zeroth order Bessel function J„(Xp). where X=2.4/p„. and is the radius of 
a hollow core region 30 of the fiber, as shown in FIG.2. The lowest loss grazing-incidence 
mode has radial p and axial z intensity dependence given by: 

I(p,z) = lo[Jo(Xp)]'exp(-z/z^, 
where I, is the intensity of the laser filed at p=0. 
z, is a decay length, given by 

2^=6.8(p,W)([v^-ir/[v^ + l]). 

where v is the ratio a fiber wall refractive index nf to the hollow core refractive index nm of 
the medium in the hollow core region. X is the laser wave length in the hollow region, z is the 
distance from the beginning of the fiber. As follows from (1), the intensity of the laser field 
has a maximum in the center of the fiber where p=0 and slowly decreases along the length of 
the fiber as exp(-z/zj. Decay length z„ sets the limit on the distance along which particles can 
be guided. In general, z, is calculated using equation (2) for a specific fiber geometry, laser 
wave length, and refractive indices of the fiber core and walls. An estimate of (2) provides a 
practical limit to a guidance distance of up to 100 m. 

An example of calculation of optical forces exerted on dielectric particles having a 
radius larger than the wavelength of a laser is shown in FIG. 3. which depicts radial 
dependence of the axial scattenng and radial gradiem forces on a 7 ^m polystyrene sphere 
(ns=l .59) near the entrance of a water-filled fiber using the geometric ray fomralism and 
equation (1) for the intensity profile calculations. The experimental conditions were the 
following: a 3.6 mm diameter. 240 mW laser beam was coupled with 90% efficiency into a 
20 ^m fiber. As seen in FIG.3. a gradient force 40 increases nearly linearly with small 
displacements from the fiber center indicating a restoring force drawmg the particle back to 
the high intensity central region of the fiber. An axial force 42 in FIG. 3 is nearly constant for 
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small displacements from the center. 

As follows from the theoretical basis and experimental results described above, since 
an intense laser beam inside the hollow core fiber has a proper profile and, therefore, the 
trapped particle is damped by the fluid inside the fiber, the particle is confined inside the laser 
5 beam and can be transported with the beam without bouncing off the inside walls of the fiber. 
The size of the particles capable of being guided that way can vary from about 50 nm to about 
10 ,m The higher the refractive index of a particle is. the larger optical forces are exerted on 
the particle, and. consequently, the easier it is to manipulate and transport such a part.cle. 
Besides water droplets and polystyrene spheres, the substances guided through the fibers were 
10 salt sugar. KI. CdTe. Si and Ge crystals, Au and Ag particles with sizes ranging from about 
10 nm to about 10 nm using a 0.5 W laser and a 17 ^m inner-diameter air-filled fiber. Listed 
in Table 1 in Figure 10 are the materials manipulated by laser guidance on a vanety of 
substrates. Since metal particles, such as Au and Ag. for example, usually reflect hght well 
and absorb very little light, larger meul particles can be transported along the hollow core 
15 fibers faster. Moreover, since the use of hollow core fibers allows manipulation of a wide 
variety of particles and virtually opens up the non-contact, non-mechamcal way of 
transporting numerous materials, living cells can be manipulated and guided through the 
fibers in liquid enviromnents. Examples of the results of fiber guiding for several types of 
dielectric particles are shown in FIGS. 8(aHd). Each image of a short section of fiber m FIG. 
20 8 is captured on a CCD camera. FIGS. 8(aHc) show snapshots of polystyrene spheres guided 
in a water filled fiber. FIG. 8(d) shows an example of a particle guided in an air filled fiber. 
The track of scattered light in FIG. 8(d) indicates a trajectory of a l^m water droplet m a 20 
^m diameter fiber. 

On. of the many applications of particle laser guidance is direct-writc patterning of 
25 surfaces, »hich utUi^s optical forces to transport particles through hollov, core opHcal fibers 
and deposit the transpoted particles on surfaces. In the laser guidance and surface pattemmg 
apparatus 44 dq.icte4 in no. 4, laser light 46 is focused into the hollow region 48 of a 
hollow core fiber 50 and gu,d«l in a low order grazing incid«.ce mode. Aetosol pamdes 52 
created by a nebulizer 54 and simatcd near the fiber entrance 56 are funneled into the hollow 
30 rcgion48 by optical gradient and scattering forces, and then guided to a substntte 58. For 
best results, substrate 58 is usually placed bc^.een 10 ^ and 300 pm from the end of the 
fiber because at larger distances the opdcal forces decrease rapidly and can't continue to 
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confine the particles. 

The material used in surface patterning is usually either dissolved or suspended in a 
liquid 60. The material can be a crystalline substance, such as, for example, barium titanate ( 
a common capacitor material for electronic applications), or a dissolved precursor material, 
such as silver nitrate, which can be decomposed to the final product by heating inside the 
laser beam during transportation. It is contemplated that many other materials are capable of 
being transported to a surface and deposited on the surface. When an aerosol mist 62 is 
generated by the nebuUzer 54, the mist is directed into the laser beam 46 near an entrance 56 
of the hollow fiber 50. Laser scattering and gradient forces at the entrance 56 draw the aerosol 
particles 52 toward the center of the laser beam 46 and propel them into the fiber 50. As the 
aerosol particles travel through the fiber 50, excess solvent evaporates, leaving behind solid 
crystal particles. In case of precursor particles, heating inside the laser beam can decompose 
the particle to the final material to be deposited, such as, for example, decomposing silver 
nitrate to silver to be put on the substrate. Such a drawing technique can be of general 
application and used to draw a wide variety of materials into a laser beam. Precursors for 
virtually any material used in electronics are available and known. 

Coupling the laser beam 46 into the fiber 50 is accomplished with the help of a lens 
64 that matches the fiber mode radius to the Gaussian beam waste. In one of the embodiments 
of the apparatus 44, for a fiber having an inner diameter of 20 ^m, a 0.05 numerical aperture 
(NA) lens gives a coupling efficiency better than 90% into the lowest order mode. It is 
possible to use lenses with a larger NA, which lenses excite rapidly decaying high-order 
nodes Considerable care must be given to angular ahgnment of the incident laser hght to the 
fiber - a misalignment of about 1 degree excites high-order modes and results in the guided 

particles hitting the inside wall of the fiber . 

Referring now to FIG. 5 as an illustrative example, patterning experimental results 
are shown for NaCl crystallites guided by a diode laser onto a glass cover slip by the 
apparatus described above and depicted in FIG. 4. In that example, a 250 mW/X=800nm laser 
beam was coupled into an 8 mm long fiber having a 20 ^m diameter of the inner hollow core. 
(In other successful direct writing experiments a laser beam of 400 mW havmg the 
wavelength of 800 nm was used). NaCl crystals were dissolved in distilled water to form a 
saturated solution. The droplets of the solution were launched into the laser beam by the 
nebulizer. Since optical forces are a strong function of particle size, scaling approximately as 
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a square particle size, the largest droplets are preferentially captured and guided into the fiber. 
As the droplets begin to propagate along the fiber, the water in the droplets evaporates after 
about 2 mm of travel into the fiber, so the solid NaCl crystals are formed and then guided 
along the rest of the fiber onto the glass cover slip. 

As seen in FIG. 5, the first two patterns (66 and 68, respectively) correspond to a 
single NaCl crystallite guided and delivered to the glass surface (as substrate 58 In FIG. 4) . 
The other three patterns (70. 72. and 74 in FIG. 5 ) correspond to structural features formed 
by multiple NaCl crystallites. The spot diameter of each pattern is about 5 nm, which is 
significantly smaller that the 20 ^m diameter of the imier hollow core of the guiding fiber. 
This observation confirms the fact that the radial optical forces confine the crystallites to the 
center of the hollow core. It was estimated that the size of each crystallite is about 1 urn for a 
saturated NaCl solution. The size of a crystallite on a substrate can be reduced by reducing 
the concentration of NaCl in the initial solution. 

Another experimental example of direct writing presents patterns of BaTiOj, InA. 
Ag AKNOj), and Al^O, crystal deposition, which are shown in FIGS. 6(a). 6(b), 6(c). 6(d) 
and 6(e). respectively . The lines of crystals in FIGS. 6(a) - 6(e) were drawn at various 
micrometer translation rates during the deposition. The BaTi03 crystals were guided by a 
1 W/532nm laser and transported through a 14 nm diameter, 4 mm long fiber. 

By directing particles along the fiber 50 onto the substrate 58 (shown in FIG. 4). 
micron-size features of desirable shape can be fabricated. As noted above, the direct 
deposition of nanometer-size particles, called nano-fabrication, allows a user to build features 
of less than 100 mn on a substrate, which is currently the smallest feature achievable m photo 
lithographic processes. Such features are built up by continued addition of particles, which 
can be fused together on substrate 58 by various techniques, including in-flight meltmg of 
the particles, and subsequent coalescence of molten droplets on the substrate, simultaneous 
deposition of solid particles and liquid precursors, wherein the liquids serve to fill the gaps 
between solid particles, coalescence of liquid precursors on the substrate and subsequent 
decomposition by laser heating to form the final product on the substrate, sintenng of the 
deposited material by laser, or chemical binding. The structural features can be composed of a 
wide variety of materials, such as metals, semiconductors, and insulators. Table 1 m Figure 
10 lists the types of materials, which were manipulated by hollow-core laser guidance, as well 
as substrates and linear dimensions. 
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Since the current invention makes it possible to create surface structural features less 
than a micron in size, thus implementing the invention in circuit board printing processes 
increases the density of electrical circuits. Circuitry can be written on substrates made of 
plastics, metals, ceramics and semiconductors with a wide range of materials described above 
deposited on such substrates with high throughput. An additional implementation of the laser 
guided direct writing is the direct write process on an arbitrary shaped substrate, allowing the 
circuitry to conform to the shape of the substrate. Such direct writing on micron-sized 
structural features can be used to write unique identificaUon markers, as well as to prototype 
micro-mechanical devices in the rapidly growing micro-electro-mechanical systems industry. 
Moreover, since the direct writing technique can be used to write electrical circuits on a 
virtually unlimited variety of substrates, the products in which the technique can be used 
include wireless communication devices, "smart" credit cards, and embedded circuitry in 
biological implants. 

Electrical circuit fabrication, which calls for fully dense, continuous, micron-size 
pattems, can be achieved by the direct-write laser guidance method of the present invention. 
For example, particles can melt during laser transportation, so the molten particles flowing 
together on to the substrate are deposited on the substrate as fully dense pattems. Th. high 
laser intensity near the fiber entrance (10'^ W/m^) can melt nearly any material by laser hght 
absorption. Strongly absorbing materials, such as metals and alloys, melt at a low 
illumination (100 mW) within the first 100 ^m of the fiber entrance. To melt weakly 
absorbing materials, such as transparent glasses and ceramics, either a laser beam havmg a 
material absorption wavelength or a more intense laser are usually required. In the apparatus 
in FIG 4 the length of fiber 50 or the optical coupling mode can be adjusted, so that the 
entering particles (52 in FIG. 4) melt at fiber entrance 56, but the laser intensity at a fiber exit 
59 is sufficiently low to minimize heating of substrate 58. Such low exiting intensity can be 
achieved by the appropriate choice of the length and diameter of the guiding fiber. 

Another method of depositing materials onto a substrate is the use of precursors m 
depositions. A precursor is any material that can be decomposed thermally or chemically to 
yield a desired final product. In the laser material deposition method of the present invention, 
the desired product is a material to be deposited on the substrate. For example, silver mtrate is 
a salt that dissolves in water. Therefore, laser guiding the droplets of the silver mtrate inside 
an optical fiber heats the droplets confined in the laser beam, yielding the final matenal. 
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silver, which is then dq)Osiled on the substrate. Alternatively, heating of the droplets can be 
accomplished by any other conventional means. Heating and decomposing indium nitrate is 
another example of using precursors in laser deposition. Guiding and heating indium nitrate 
in the laser beam inside an optical fiber decomposes is to a transparent semiconductor, 
5 indium oxide. 

Yet another way of depositing a desired material onto a substrate is to use a liquid 
droplet to transport a smaller sold particle of the desired material by using laser guidance and 
deposition. During transportation, the liquid droplets evaporate, leaving smaller solid 
particles, which can be then deposited onto the substrate. In many cases it is easier to guide 

1 0 and deposit precursors rather than the final desired materials. 

The same principle on which apparatus 44 in FIG. 4 is based can be used to provide 
an apparatus and method for laser levitation of individual crystallites. If a particle is guided 
along vertically located fiber 50 in FIG. 4, the force of gravity pulls the particle down while 
the axial optical force pulls the particle up the length of the fiber . Since the axial force 

1 5 becomes smaller with distance along the fiber, the two forces eventually balance each other 
and the particle remains levitated at an equilibrium height. Since in such an equilibrium 
position the magnitude of the axial force propelling the particle upward is equal to the 
magnitude of the gravitational force pulling the particle down, the apparatus 44 can serve as a 
device for measuring the axial force, since the magnitude of the gravitational force is not 

20 di fficult to calculate. 

The snapshots in FIG. 7 (a)-(d) show the levitation of a 5 ^im water droplet in a 5 mm 
curved section of an air-filled fiber. A 240-mW/800 nm laser beam is coupled with 90% 
efficiency into the lowest-loss mode. The 5 ^m water droplets, estimated by optical 
microscopy, are funneled into the fiber by the laser light from a fog of droplets. The scattered 

25 light from the droplet in FIG. 7(a)-(d) is easily seen by the naked eye as the droplet travels 
through the fiber. 

Another embodiment of a laser levitation apparatus is shown in FIG. 8. In that 
embodiment, laser beams 80 and 82 are launched into opposite ends 84 and 86 of a fiber 88, 
respectively. The axial forces exerted on a particle 90 from laser beams 80 and 82 inside a 
30 hollow core 92 of fiber 88 are opposite, canceling out at an equilibrium point inside the fiber. 
At the same point the force confining particle 90 to the center of hollow core 92 doubles in 
magnitude. By reducing the laser intensity, particle 90 will be pulled down by the 
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gravitational force toward the lower part of the hollow core 92. Since the gravitational force 
can be easily calculated, measurements of the particle downwardly displacements provide a 
measure of the radial confinement force. Laser traps of the kind depicted in FIG. 8 have been 
constructed and tested for trapping liquids, salts, glasses and metals for several hours while 
monitoring the particles' dynamic behavior and scattering. By mixing droplets in such traps, 
chemical reactions were observed during the mixing process. Such an apparatus can be used 
for containerless processing of chemical droplets by mixing droplets by coalescence or laser 
heating the droplets confined in the laser beam to drive chemical reactions inside them. 

Another application of a two-beam laser trap is an apparatus 100 for recording the 
emission spectrum of trapped particles, which apparatus is shown schematically in FIG. 9. 
The trap is formed by laser beams 90 and 92 directed into opposite ends 94 and 96 of a fiber 
98. At some point inside fiber 98 optical scattering from laser beams 90 and 92 will balance, 
and the laser field will both confine and heat the particles inside the fiber. The laser beams 90 
and 92 are formed by a beam splitter 93, which splits a laser beam generated by a source 91 . 
The trapped particles optical emission spectrum is then recorded by a low light 
spectrophotometer 99. Apparatus 100 can be a usefiil tool in controlling fijlly dense direct 
writing and adhesion of particles to a substrate by determining and manipulating conditions 
for melting the particles. The conditions for melting can be determined by measuring the 
particle's temperature from the particle's radiative emission and by measuring temperattxre 
dependence on material, particle size, laser power and fiber dimensions. The particle's phase 
transition between solid and liquid can be detemiined from the changes in optical scattering 
patterns. The combined use of the emission spectrum and the scattering patterns of a particle 
will distinctly determine the melting temperattire and conditions for controlling direct laser 
writing. 

Although specific embodiments have been described and illustrated herein, it will be 
appreciated by those skilled in the art that any arrangement, which is calculated to achieve the 
same purpose may be substinxted for the specific embodiments shown. Therefore, this 
application is intended to cover any adaptations or variations of the present invention. 
Therefore, it is manifestly intended that this invention only be limited by the following 
claims. 
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1 . A method of guiding one or more non-atomic particles confined inside a laser beam, 
the method comprising confining the particles inside the laser beam and directing the laser 
beam into a hollow portion of an optical conductor, wherein the particles confined inside the 
laser beam are guided by the laser beam propagating inside the hollow portion. 

2. The method of Claim 1 , further comprising providing a source of the particles before 
confining the particles inside the laser beam. 

3. The method of Claim 1 , fiirther comprising an optical system for focusing the laser 
beam before confining the particles inside the beam. 

4. The method of Claim 1 , wherein directing the laser beam into the hollow portion of 
the optical conductor comprises directing the beam into a through channel of an optical fiber. 

5 . The method of Claim 1 . wherein directing the laser beam comprises coupling the 
beam into the hollow portion in such a way that the beam propagates along the hollow 
portion substantially along a longitudinal axis of the optical conductor. 

6. The method of Claim 1, wherein the hollow portion is filled with a gas or a liquid. 

7. The method of Claim 1 , wherein one or more particles are liquid or solid. 

8. The method of Claim I , wherein one or more particles are made of one material. 

9. The method of Claim 1 . wherein one or more particles are made of two or more 
materials. 

10. The method of Claim 1, wherein a linear size of the particles is about 10 nm or larger. 

11. A method of depositing a particle onto a substrate, the method comprising: 
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confining the particle inside a laser beam, the particle having a dimension larger than 
a wavelength of the laser beam; 

directing the laser beam into a through channel of an optical conductor; 
transporting the particle through the channel by causing the laser beam to propagate 

along the channel; and 

causing the laser beam to exit the through channel and deposit the particle onto the 

substrate. 

12. The method of Claim 1 1 , further comprising providing a source generating the 
particle to be deposited onto the substrate. 

13. The method of Claim 1 1 , further comprising using the steps of Claim 8 to deposit a 
plurality of particles onto the substrate. 

14. The method of Claim 13, further comprising moving the substrate to allow deposition 
of the particles onto different spots on the substrate. 

15. The method of Claim 1 1 , wherein causing the laser beam to exit the through channel 
and deposit the particle onto the substrate comprises depositing the particle onto a 
predetermined spot on the substrate. 

16. The method of depositing a material onto a substrate, the method comprising: 
providing a solution containing the material; 

transforming at least a portion of the solution into a plurality of non-atomic droplets 
of the material near a first opening of an optical conductor having a through channel; 

confining the droplets inside a laser beam while directing the beam toward the first 
opening; 

transporting the droplets inside the through channel from the first opening to a second 
opening of the optical conductor by causing the laser beam with the confined droplets to 
propagate between the first and the second openings in the through channel; and 

depositing the droplets of the material onto the substrate after the laser beam exits the 
second opening of the optical conductor. 
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17, The method of Claim 16, wherein the substrate is selected from the group consisting 
of metals, alloys, insulators, semiconductors, polymers, and biological material. 

18. The method of Claim 16, wherein the material is selected from the group consisting of 
metals, alloys, dielectrics, semiconductors, liquids and biological material. 

5 19. The method of Claim 1 6, wherein the droplet size is larger than about 1 0 nm. 

20. A method for depositing a material onto a substrate, the method comprising: 
providing one or more particles; 

confining one or more particles inside a laser beam while directing the beam toward a 
first opening; 

10 transporting one or more particles inside the through channel fix)m the first opening to 

a second opening of the optical conductor by causing the laser beam with the confined one or 
more particles to propagate between the first and the second openings in the through channel; 

treating one or more particles while transporting them inside the through channel, 
thereby providing the material for deposition; and 

1 5 depositing the material onto the substrate after the laser beam exits the second 

opening of the optical conductor. 

21. The method of Claim 20, wherein treating one or more particles comprises chemical 
or thermal treatment. 

22. The method of Claim 20, wlierein providing one or more particles comprises 
20 providing one or more liquid droplets. 

23. The method of Claim 22, wherein providing one or more liquid droplets comprises: 
providing a solution by dissolving the material in a solvent; and 

transforming the solvent into one or more liquid droplets. 

24. The method of Claim 20, wherein one or more particles are larger than about 1 0 nm in 
25 size or 10'^^ liters in volume. 
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25. The method of Claim 20, wherein one or more particles comprises a liquid portion 
and a solid portion. 

26. The method of Claim 20, wherein the solid portion is the material deposited onto the 
substrate. 

5 27. A method of confming a particle inside a through channel of an optical conductor, the 
method comprising: 

confining the particle inside a first laser beam; 

directing the first laser beam with the confmed particle into the channel through a first 
opening of the optical conductor, 
1 0 directing a second laser beam into the channel through a second opening of the optical 

conductor; and 

confining the particle inside the channel by causing the first and the second laser 
beams to propagate toward each other inside the channel. 

28. The method of Claim 27, wherein the optical conductor is horizontal and wherein the 
1 5 first and the second openings are disposed opposite to each other. 

29. The method of Claim 27, fiirther comprising changing an intensity of both of the laser 
beam or changing an intensity of one of the laser beams to change a position of the confmed 
particle inside the channel. 

30. A method of confining a particle inside a hollow portion of a optical conductor, the 
20 method comprising: 

confining the particle inside a laser beam; 

directing the laser beam with the confined particle into the hollow portion through a 
first opening of the optical conductor; and 

transporting the particle inside the hollow portion by causing the laser beam to 
25 propagate inside the hollow portion until a velocity of the particle reduces to about zero. 



31. 



The method of Claim 30, wherein the optical conductor is substantially vertical. 
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32. The method of Claim 20, further comprising causing the laser beam to exit the optical 
conductor through a second opening. 

33 . An apparatus for guiding one or more particles inside a hollow portion of an optical 
conductor, the apparatus comprising: 

the optical conductor having a first opening; and 

a laser beam capable of entering the hollow portion of the optical conductor through 
the first opening and propagating inside the hollow portion while guiding one or more 
particles confined inside the laser beam, the size of one or more particles being larger than an 
atomic size; 

34. The apparatus of Claim 33, further comprising a source providing one or more 
particles. 

35. The apparatus of Claim 33, further providing an optical system for focusing the laser 
beam. 

36. The apparatus of Claim 33, wherein the laser beam exits the optical conductor through 
a second opening. 

37. The apparatus of Claim 33, wherein the hollow portion is a through channel. 

38. The apparatus of Claim 33, wherein the hollow portion is filled with a liquid or 
gaseous medium. 

39. An apparatus for deposition one or more particles onto a substrate, the apparatus 

comprising: 

an optical conductor having a through chaimel; 

a laser beam capable of entering the channel through a first opening and propagating 
inside the channel while guiding one or more particles confined inside the laser beam; and 

the substrate disposed to allow the laser beam exiting the channel through a second 
opening to contact the substrate. 



wo 00/23825 PCT/US99/22527 

19 

40. The apparatus of Claim 39, wherein the first and the second openings are located at 
the two opposite ends of the optical conductor. 

4 1 . The apparatus of Claim 39, wherein one or more particles are larger than about 1 0 nm 
in size or 10*^^ liters in volume. 



42. The apparatus of Claim 39, wherein the substrate comprises a plurality of locations 
onto which the particles can be deposited. 
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